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Two	Roads	Diverged…
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“Two roads diverged in a yellow wood,
And sorry I could not travel both
And be one traveler, long I stood
And looked down one as far as I could
To where it bent in the undergrowth…”

– Robert Frost, “The Road Not Taken”

High	Energy
QCD

Hadron
Structure



…	I	Looked	Down	One	As	Far	as	I	Could	...

• 1959	– Regge Theory

• 1969	– Ioffe Time

• 1973	– QCD

• 1977	– BFKL	Evolution

• 1981	– Dipole	Picture	of	DIS

• 1994	– MV	Model	of	Nucleus

• 1996	– BK	/	JIMWLK	Evolution
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High	Energy	QCD



...	And	then	the	Other,	Just	as	Fair	…
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Hadron	Structure• 1919	– Proton	Discovered

• 1964	– Quark	Model

• 1969	– Parton	Model

• 1973	– QCD

• 1988	– Proton	Spin	Crisis

• 1991	– Transverse	Single	
Spin	Asymmetries



…	And	that	Will	Make	All	the	Difference.

The	EIC	is	custom	designed:

• To	probe	the	nonlinear	saturation	region
• To	precisely	image	1D	/	3D	/	5D	hadron	structure
• To	unlock	the	novel	intersections	between	them
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High	Energy	QCD Hadron	Structure

Electron	– Ion
Collider



Outline

1. Partonic Structure	of	the	Nucleon

2. Saturation	in	High-Energy	QCD

3. Opportunities	at	an	EIC

4. Conclusions
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What	Is	a	Parton	Distribution,	Really?
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Counting the Number of Quarks

• Formally,	the	expectation	value	of	
quark	/	gluon	fields,	Fourier	
transformed	to	momentum	space:

• Practically,	a	1-1	correspondence	
with	deep	inelastic	scattering:
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The Parton Model of DIS



1D	Collinear	Distributions
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The Parton Model of DIS
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The Parton Model of DIS

• An	effective	vertex	selects	the	various	parton spins:

Ø Unpolarized: hp|  ̄ �+  |pif1(x,Q
2)

Ø Helicity: hp, SL|  ̄ �+�5  |p, SLig1(x,Q
2)

Ø Transversity: hp, Si
?|  ̄ �+�i?�5  |p, Si

?ih1(x,Q
2)



Gluons,	Ep.	1:	“The	Phantom	Menace”

• The	quark	/	gluon	fields	are	nonlocal	and	not	gauge	invariant
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The Parton Model of DIS
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Gauge Invariance
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Ø Must	be	connected	by	a	Wilson	line	gauge	link

• Describes	the	physics	of	final-state	rescattering
A+ = 0Ø Can	be	removed	in	light-cone	gauge



Diffraction:		The	Back	Door	In
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DIS:		Inclusive

p

k k

p
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DVCS:		Exclusive

• Exclusive	measurements	like	deeply	virtual	Compton	scattering	
are	sensitive	to	parton distributions	at	the	amplitude	level
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GPDs:		3D	Spatial	Distributions
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EIC pseudo data
20 GeV on 250 GeV

∫Ldt = 100 fb-1
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Figure 2.23: Top: The DVCS polarization asymmetry A sin(���S)
UT

for a transversely polarized
proton (see [136] for a precise definition). Middle: The spatial distribution of sea quarks in an
unpolarized proton (left) and in a proton polarized along the positive x axis (right) obtained
from a GPD fit to simulated data for d�DVCS/dt and A sin(���S)

UT

. The bands represent the
parametric errors of the fit and the uncertainty from extrapolating the t spectrum outside the
measured region. Bottom: The corresponding density of partons in the transverse plane.
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• The	t-dependence	is	Fourier-conjugate	to	the	spatial	distribution:

Ø Coherent	diffraction:		Average	density

Ø Incoherent	diffraction:		Fluctuations
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TMDs:		3D	Momentum	Distributions
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What About the Transverse Momentum?

• Semi-inclusive	measurements:	
sensitive	to	transverse	
momentum	distributions

Ø Two	scale	process:	a	
hard	scale	and	soft	scale Q2 � p2T , ⇤2

QCD

Semi-inclusive Deep Inelastic Scattering

Semi-inclusive hadron production in deep inelastic scattering (SIDIS) provides a power-
ful probe of the transverse momentum dependent (TMD) quark distributions of nucleons.
Common kinematic variables have been described in the DIS section (see the Sidebar on
page 18). In SIDIS, the kinematics of the final state hadrons can be specified as follows

x

y

z

φS

�

Ph

S⊥

k

k

q

Figure 2.11: Semi-inclusive hadron production
in DIS processes: e+N ! e0 + h+X, in the
target rest frame. P

hT

and S? are the trans-
verse components of P

h

and S with respect to
the virtual photon momentum q = k � k

0.

�h, �s Azimuthal angles of the final state
hadron and the transverse polarization
vector of the nucleon with respect to
the lepton plane.

PhT Transverse momentum of the final state
hadron with respect to the virtual pho-
ton in the center-of-mass of the virtual
photon and the nucleon.

z = P
h

· P/q · P gives the momentum frac-
tion of the final state hadron with re-
spect to the virtual photon.
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Figure 2.12: Leading
twist TMDs classified ac-
cording to the polarizations
of the quark (f, g, h)
and nucleon (U, L, T).
The distributions f?,q

1T

and

h?,q

1

are called naive-time-
reversal-odd TMDs. For glu-
ons a similar classification of
TMDs exists.

The di↵erential SIDIS cross section can be written as a convolution of the transverse
momentum dependent quark distributions f(x, k

T

), fragmentation functions D(z, p
T

), and
a factor for a quark or antiquark to scatter o↵ the photon. At the leading power of 1/Q,
we can probe eight di↵erent TMD quark distributions as listed in Fig. 2.12. These distri-
butions represent various correlations between the transverse momentum of the quark k

T

,
the nucleon momentum P , the nucleon spin S, and the quark spin s

q

.
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• Opens	up	a	wealth	of	
spin-spin	and	spin-orbit	
correlations!



Gluons,	Ep.	3:	“Revenge	of	the	Gauge	Link”
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Ø Sensitive	to	the	intrinsic	
momentum	distribution	of	
the	proton…

• TMDs:	expectation	value	of	
non-collinear	operator

Ø …But	warped	due	
final-state	interactions!

Ø Not	purely	initial-state	
wave	functions!



Opening	Pandora’s	Box
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Factorization Past the Breaking Point
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•TMD factorization works if colored 
interactions occur only in the initial 
state or only in the final state.

p2

p1

�⇤(Q2) + p ! h+X

p+ p ! �⇤(Q2) +X

➡If both are present, the color flow can 
become entangled, and factorization 
is broken!

p+ p ! jet(ET ) +X

Mulders & Rogers, Phys. Rev. D81 (2010) 094006

(h�) Longitudinal Double Spin Asymmetry

p+ p ! h+ � +X➡Can elevate asymmetries which would 
otherwise have been suppressed!
Rogers, Phys. Rev. D88 (2013) 014002
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Ø Non-universality	+	
QCD	dynamics

Ø Factorization	breaking	+	
color	entanglement

Ø Factorization-breaking	spin	
asymmetries	enhanced

Ø Number	density	interpretation
...	sometimes

“Bugs”	or	“Features”?



Wigner	Functions:		5D	Distributions

Ø “Master	distributions”	of	partons	in	phase	space
Ø Best	and	worst	of	both	worlds	(universality,	factorization…)
Ø Non-probabilistic:	contain	purely	quantum	negative	regions
Ø Allows	direct	access	to	parton	angular	momentum
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Having	your	cake	and	eating	it	too:

Numerical Results :  ρUU  16 

b(k) space plot : for fixed value of  k?(b?)

Single particle contribution does not affect this plot  

Positive peak in b space similar to LFCQM (Lorce and Pasquini , PRD 93, 
034040 (2016)) ; spectator model ( Liu and Ma, PRD 91, 034019 (2015)) 

More, AM, Nair, PRD 95, 074039 (2017) 



Nucleon	Structure:		What	Do	We	Know?

• 1D	PDFs	are	very	well	constrained	from	HERA
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• The	proton	spin	puzzle	is	still	an	open	question….

Ø Uncertainties	at	small	x	due	to	kinematic	limitations	
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Figure 3.3: Proton parton distribution functions plotted as functions of Bjorken x. Clearly
gluons dominate at small-x.

serve that the gluon distribution dominates
over those of the valence and “sea” quarks at
a moderate x below x = 0.1. Remembering
that low-x means high energy, we conclude
that the part of the proton wave-function re-
sponsible for the interactions in high energy
scattering consists mainly of gluons.

The small-x proton wave-function is
dominated by gluons, which are likely to
populate the transverse area of the proton,
creating a high density of gluons. This is
shown in Fig. 3.4, which illustrates how at
lower x (right panel), the partons (mainly
gluons) are much more numerous inside the
proton than at larger-x (left panel), in agree-
ment with Fig. 3.3. This dense small-x wave-
function of an ultra-relativistic proton or nu-
cleus is referred to as the Color Glass Con-
densate (CGC) [143].

To understand the onset of the dense
regime, one usually employs QCD evolution

equations. The main principle is as follows:
While the current state of the QCD theory
does not allow for a first-principles calcula-
tion of the quark and gluon distributions, the
evolution equations, loosely-speaking, allow

one to determine these distributions at some
values of (x,Q2) if they are initially known at
some other (x

0

, Q2

0

). The most widely used
evolution equation is the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) equation
[11, 12, 10]. If the PDFs are specified at some
initial virtuality Q2

0

, the DGLAP equation
allows one to find the parton distributions at
Q2 > Q2

0

at all x where DGLAP evolution
is applicable. The evolution equation that
allows one to construct the parton distribu-
tions at low-x, given the value of it at some
x
0

> x and all Q2, is the Balitsky-Fadin-
Kuraev-Lipatov (BFKL) evolution equation
[144, 145]. This is a linear evolution equa-
tion, which is illustrated by the first term on
the right hand side of Fig. 3.5. The wave-
function of a high-energy proton or nucleus
containing many small-x partons is shown on
the left of Fig. 3.5. As we make one step of
evolution by boosting the nucleus/proton to
higher energy in order to probe its smaller-x
wave function, either one of the partons can
split into two partons, leading to an increase
in the number of partons proportional to the
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Nucleon	Structure:		What	Do	We	Know?

• 3D	GPDs:	 promising	but	require	
a	lot	of	data	to	extract
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Imaging: Gluon vs. quark sizes 7
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• Nucleon’s gluon ↔ quark sizes?

⟨b2⟩(gluon) < ⟨b2⟩(q + q̄) at x <0.01
suggested by HERA J/ψ and DVCS

⟨b2⟩(gluon) < ⟨b2⟩(charge) at x >0.01

Dynamical origin of valence gluons:
Chiral symmetry breaking, confinement?

• EIC: Quark-gluon imaging with DVCS
Detailed simulations: Aschenauer, Fazio, Kumericki, Mueller 13;

PARTONS framework Moutarde et al.
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Figure 2.16: Comparison of the precision (2-� uncertainty) of extractions of the Sivers function
for the valence (left) u

v

= u � ū and sea (right) ū quarks from currently available data [77]
(grey band) and from pseudo-data generated for the EIC with energy setting of

p
s = 45 GeV

and an integrated luminosity of 10 fb�1 (purple band with a red contour). The uncertainty
estimates are for the specifically chosen underlying functional form.

years [85, 86, 87, 88, 89, 90]. As a lead-
ing power contribution in the spin asymme-
tries, the associated energy evolution unveils
the underlying strong interaction dynamics
in the hard scattering processes. The em-
bedded universality and factorization prop-
erty of the TMDs can only be fully inves-
tigated at the EIC with the planned kine-
matic coverage in Q2. In particular, the the-
ory calculations including evolution e↵ects
agree with the current constraints on the
quark Sivers function presented in Fig. 2.16,
while they do di↵er at higher values of Q2

[85, 86, 87, 88, 89, 90]. Moreover, a recent
study has shown that at the kinematics of
HERMES and COMPASS, the leading order
SIDIS su↵ers significant power corrections,
which however will diminish at higher Q2

[90]. This makes the EIC the only machine
to be able to establish the leading partonic
picture of the TMDs in SIDIS.

The kinematic reach of the EIC also al-
lows the measurement of physical observ-
ables over a wide transverse momentum

range. This is particularly important to un-
derstand the underlying mechanism that re-
sults in single spin asymmetries. Recent
theoretical developments have revealed that
both the transverse-momentum-dependent
Sivers mechanism and the quark-gluon-quark
correlation collinear mechanism describe the
same physics in the kinematic regions where
both approaches apply [91, 92]. The only
way to distinguish between the two and un-
derstand the underlying physics is to mea-
sure them over wide p

T

ranges. The high
luminosities at the EIC machine could pro-
vide a golden opportunity to explore and un-
derstand the mechanism of the transverse
spin asymmetries. In addition, with pre-
cision data in a large range of transverse
momentum, we shall be able to study the
strong interaction dynamics in the descrip-
tion of large transverse momentum observ-
ables and investigate the transition between
the non-perturbative low transverse momen-
tum region and the perturbative high trans-
verse momentum region.
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• 3D	TMDs: maturing	into	a	coherent	picture
Ø Hints	of	Sivers sign	flip	in	STAR	W	asymmetries?

• 5D	Wigner	distributions: no	longer	“science	fiction”
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The	Small-x,	High-Energy	Limit

• DIS	(and	the	PDFs)	look	like	dipoles	
scattering	in	the	target	field
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• The	high-energy	(Regge)	limit	
corresponds	to	the	small	x	limit

Ø Dipole	/	Wilson	line	degrees	of	freedom
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Figure 3.3: Proton parton distribution functions plotted as functions of Bjorken x. Clearly
gluons dominate at small-x.

serve that the gluon distribution dominates
over those of the valence and “sea” quarks at
a moderate x below x = 0.1. Remembering
that low-x means high energy, we conclude
that the part of the proton wave-function re-
sponsible for the interactions in high energy
scattering consists mainly of gluons.

The small-x proton wave-function is
dominated by gluons, which are likely to
populate the transverse area of the proton,
creating a high density of gluons. This is
shown in Fig. 3.4, which illustrates how at
lower x (right panel), the partons (mainly
gluons) are much more numerous inside the
proton than at larger-x (left panel), in agree-
ment with Fig. 3.3. This dense small-x wave-
function of an ultra-relativistic proton or nu-
cleus is referred to as the Color Glass Con-
densate (CGC) [143].

To understand the onset of the dense
regime, one usually employs QCD evolution

equations. The main principle is as follows:
While the current state of the QCD theory
does not allow for a first-principles calcula-
tion of the quark and gluon distributions, the
evolution equations, loosely-speaking, allow

one to determine these distributions at some
values of (x,Q2) if they are initially known at
some other (x

0

, Q2

0

). The most widely used
evolution equation is the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) equation
[11, 12, 10]. If the PDFs are specified at some
initial virtuality Q2

0

, the DGLAP equation
allows one to find the parton distributions at
Q2 > Q2

0

at all x where DGLAP evolution
is applicable. The evolution equation that
allows one to construct the parton distribu-
tions at low-x, given the value of it at some
x
0

> x and all Q2, is the Balitsky-Fadin-
Kuraev-Lipatov (BFKL) evolution equation
[144, 145]. This is a linear evolution equa-
tion, which is illustrated by the first term on
the right hand side of Fig. 3.5. The wave-
function of a high-energy proton or nucleus
containing many small-x partons is shown on
the left of Fig. 3.5. As we make one step of
evolution by boosting the nucleus/proton to
higher energy in order to probe its smaller-x
wave function, either one of the partons can
split into two partons, leading to an increase
in the number of partons proportional to the
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• Gluons	dominate	the	small-x	PDFs



BFKL	Evolution
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• In	QCD,	high-energy	scattering	
radiates	a	cascade	of	soft	gluons

• The	greater	the	energy,	the	larger	
the	rapidity	window	for	soft	gluons

Ø At	high	enough	energies,	the	resummed
cascade	leads	to	exponentially	growing	
gluon	density

Ø The	proton	cross-section	becomes	
more	and	more	“opaque”



Saturation
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• At	high	densities,	nonlinear	
gluon	fusion	competes	with	
linear	bremsstrahlung

Ø At	equilibrium,	the	gluon	density	
saturates	to	a	classically	large	
occupation	number

Ø Gaussian	fluctuations	in	color	
charge	lead	to	dynamical	IR	
screening	on	a	characteristic	scale



Heavy	Nuclei	and	High-Density	QCD
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• The	high-energy	limit	of	QCD	is	
the	high-density	limit	as	well

↵s⇢ ⇠ Q2
s � ⇤2

QCD

Ø An	effective	theory	in	a	background	
of	classical	gluon	fields

Aµ = Aµ
cl + aµq
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Figure 3.9: Theoretical expectations for the saturation scale as a function of Bjorken x for the
proton along with Ca and Au nuclei.

der of magnitude larger
p
s). Thus, the nu-

cleus is an e�cient amplifier of the universal
physics of high gluon densities allowing us to
study the saturation regime in e+A at sig-
nificantly lower energy than would be pos-
sible in e+p. For example, as can be seen
from Fig. 3.9, Q2

s

⇡ 7 GeV2 is reached at
x = 10�5 in e+p collisions requiring a col-
lider providing a center-of-mass energy of al-
most

p
s ⇡ p

Q2

s

/x ⇡ 1 TeV, while in e+Au
collisions, only

p
s ⇡ 60 GeV is required

to achieve comparable gluon density and the
same saturation scale.

To illustrate the conclusion that Q
s

is an
increasing function of both A and 1/x, we
show a plot of its dependence on both vari-
ables in Fig. 3.10 using Model-I of Fig. 3.9.
One can see again from Fig. 3.10 that larger
Q

s

can be obtained by increasing the energy
or by increasing mass number A.

Measurements extracting the x, b and
A dependence of the saturation scale pro-
vide very useful information on the momen-
tum distribution and space-time structure of
strong color fields in QCD at high energies.
The saturation scale defines the transverse
momentum of the majority of gluons in the
small-x wave-function, as shown in Fig. 3.7,

thus being instrumental to our understand-
ing of the momentum distributions of glu-
ons. The impact parameter dependence of
the saturation scale tells us how the gluons
are distributed in the transverse coordinate
plane, clarifying the spatial distribution of
the small-x gluons in the proton or nucleus.

Nuclear Structure Functions

The plots in Figs. 3.8, 3.9 and 3.10 sug-
gest a straightforward way of finding satu-
ration/CGC physics: if we perform the DIS
experiment on a proton, or, better yet, on
a nucleus, and measure the DIS scattering
cross-section as a function of x and Q2, then,
at su�ciently low x and Q2, one may be
able to see the e↵ects of saturation. As ex-
plained in the Sidebar on page 19, the total
DIS cross-section is related to the structure
functions F

2

(x,Q2) and F
L

(x,Q2) by a linear
relation. One finds that the structure func-
tion F

2

is more sensitive to the quark dis-
tribution xq(x,Q2) of the proton or nucleus,
while the structure function F

L

measures the
gluon distribution xG(x,Q2) [10, 173]. Sat-
uration e↵ects can thus be seen in both F

2

and F
L

at low x and Q2, although, since sat-
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A1/3

• Heavy	nuclei	(A	>>	1)	get	a	head	
start	toward	the	high-density	limit

Ø Practically:	cheaper	than	high	energy

Ø Theoretically:	an	external	dial!
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• Diffractive	processes	couple	to	the	
gluon	density	at	the	amplitude	level
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FIG. 9: Differential vector meson cross-sections for J/Ψ, ρ and φ as a function of |t|. Data for a given W with varying
Q2 are compared to results from the IP-Sat model using two parameter sets given in table I with mc = 1.27 GeV (solid
line) and mc = 1.4 GeV (dashed line). The data are from the H1 and ZEUS collaborations [41–46].

To further test the IP-Sat dipole model, in Figs. (9,10,11) we confront experimental data from H1 and ZEUS
with model predictions for the |t|, Q2 and W -dependence of the vector mesons J/Ψ, φ and ρ production in
various kinematics. Note that none of the data sets in those figures are used into our fits and the results of the
model are fixed by BG alone. For the total cross-section, we performed the integral over |t| up 1GeV2. It is
generally seen that the agreement between our results and data is excellent. In Figs. 9,10 and 11 we show our
results calculated with two dipole parameter sets given in table I corresponding to charm mass mc = 1.27 GeV
(solid lines) and mc = 1.4 GeV (dashed lines). Note that both set of parameters give very similar results. The
J/Ψ production cross-section is more sensitive to the charm quark mass at low Q2 compared to light vector
meson production cross-sections and the DVCS. This is due to the fact that the scale in the integrand of the
cross-section is set by ϵf defined in Eq. (3), and only at low virtualities for Q2 < m2

f does the cross-section
become sensitive to quark mass. It is seen from Fig. 11 that the W -dependence of the cross-section follows a

Ø Diffractive	rates	~	10%	at	HERA

Ø Diffractive	meson	production	at	
HERA	is	well-described	by	
saturation	calculations

• The	structure	functions	from	HERA	are	
consistent	with	the	dipole	picture	of	DIS

Ø For	x	<	0.01	HERA	data	
exhibits	geometric	scaling
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FIG. 2: Nuclear modification factor RdAu of charged particles for different rapidities. In the top two figures, corresponding to
η = 0, 1, the solid line corresponds to (h−+h+)/2 contribution calculated with κ = 0 in the isospin-independent approximation,
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Data is from [2].
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calculations. However, CGC works based on the LO hybrid formalism predict a flat suppression
up to the highest transverse momenta explored in the di↵erent works. First phenomenological
applications of NLO corrections to the hybrid formalism indicate that they actually go in
the right direction of pushing up the nuclear modification factors at moderate p

t

(see Fig. 11
bottom-left), although, as already discussed, at large enough p

t

they become unstable. This
instability blurs their physical interpretation and calls for further studies.
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and the HIJING Monte Carlo 133. Right: rapidity (top) and transverse momentum dependence
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within rcBK approaches refs.83,85 vs LO131 (bottom) and NLO134 (top) EPS09
predictions.

3.2 Double Inclusive

It is clear from the discussion above that presently available data on single inclusive hadron dis-
tributions and nuclear modification factors, although suggestive of the presence of saturation
e↵ects, do not allow for a clear discrimination between CGC-based analyses and other ap-
proaches. This inconclusive situation triggered the study of other observables sensitive to more
exclusive dynamical features like di-hadron azimuthal correlations discussed in this section.
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• The	Cronin	peak	in	RpA for	inclusive	hadron	spectra	is	a	natural	
consequence	of	nonlinear	multiple	scattering

Ø Its	disappearance	at	forward	rapidities and	higher	energies	is	
characteristic	of	gluon	saturation	in	nonlinear	small-x	evolution



Saturation:		What	Do	We	Know?

• Small-scale	fluctuations	can	enhance	
anisotropies	in	heavy-ion	collisions
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azimuthal correlations should be observed in at the LHC. Generically the strength of the decorrelation is expected
to be stronger with: i) increasing rapidity of the produced pair; ii) increasing collision centrality and iii) decreasing
transverse momentum of the trigger and associated particle.

It has been recently proposed that hadron-photon [36] and hadron-dileptons [37] correlations may exhibit similar
azimuthal structure. These observables o↵er the advantage that they can be computed in terms of only the rcBK-
evolved 2-point function. Although their experimental determination may be more complicated, their measurement
at the LHC would provide additional constraints to determine the underlying dynamics of multiparticle production in
high-density QCD scattering.
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Figure 4: Comparison of STAR preliminary data [38] for the Coincident Probability between pairs of hadrons as a function of the relative azimuthal
angle in d+Au collisions at RHIC. The theoretical results correspond to two CGC-based calculations[21] and [32] and a higher-twist one [34].

6. Conclusions

In summary, while it is fair to say that a large number of observables in di↵erent systems –from e+p to A+A
collisions– that probe the small-x component of the wave function of the projectile or target find their natural interpre-
tation in terms of high gluonic densities and also a good quantitative description in terms of CGC-based calculations,
no conclusive claim for the observation saturation physics can be performed yet. Important steps have been taken
over the last years in promoting the CGC framework to a predictive and quantitative phenomenological tool. Such has
been possible through the systematic implementation of global fit and Monte Carlo methods and, more importantly,
through an intense theoretical work in the determination of higher order corrections to the formalism, including run-
ning coupling corrections to non-linear evolution equations and also to particle production processes. Nevertheless,
this program is far for complete and there is still a large margin for improvement in the CGC phenomenological
works. The p+Pb data will provide precious information to sharpen the CGC quantitative tool. First of all it will
provide empiric information needed to constrain the non-perturbative parameters of the theory. Next it will allow
to test the generic CGC predictions and also whether the present degree of accuracy of the CGC e↵ective theory is
su�cient to quantitatively describe data.
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FIG. 10. Proportionality factor ζ in k = (ζ(N2
c −

1)/(2π))Q2
sS⊥ as a function of Q2

sS⊥ for averaged nucleon po-
sitions (squares) and with nucleon fluctuations at fixed impact
parameter b = 0 fm (circles). At large Q2

sS⊥ the result for the
smooth distribution approaches a constant as predicted by
the Glasma flux tube model for n-gluon correlations. The re-
sult for fluctuating nucleon positions at constant b = 0 fm is
very similar and becomes very weakly dependent on Q2

sS⊥.

gives hope that there is a chance to experimentally ac-
cess a regime where the flux tube picture is valid. Fixing
b = 0 fm and increasing the energy, and this way in-
creasing Q2

sS⊥ while keeping S⊥ as constant as possible,
reduces fluctuations in the nucleon number. Indeed we
find that the result for the extracted ζ, shown as blue
circles in Fig. 10, is very close to the one obtained with
smooth initial distributions, and its dependence on Q2

sS⊥

becomes weak at large Q2
sS⊥.

C. Eccentricities

In Ref. [2], we presented results for ε2 and ε3 defined in
(1) and compared to results from an MC-Glauber model
and the MC-KLN model [23, 52, 53]. Here we extend
this study by comparing eccentricities up to ε6. The re-
sults are shown in Fig. 11 and the conclusions that can
be drawn are mainly that the purely fluctuation driven
odd harmonics ε3 and ε5 from the IP-Glasma model are
larger than those from the MC-KLN model [54] for all b,
while ε2 is smaller than that computed in the MC-KLN
model, in particular for b > 3 fm. As a consequence, the
ratio ε2/ε3 is smaller than in the MC-KLN model, which
is going to decrease the ratio of v2/v3 obtained after hy-
drodynamic evolution, making it more compatible with
experimental observation. ε4 and ε6 are almost equal or
larger than those from the MC-KLNmodel. We make the
comparison to MC-KLN at τ = 0 fm/c, because at later
times we would also have to take into account the pre-
equilibrium flow built up in the CYM simulation. This
effect will be included in detailed event-by-event simula-

tions that convert the spatial anisotropies into momen-
tum anisotropies in a follow up paper in this series. To
show the effect of the CYM evolution on the eccentricities
themselves we show as an example their time evolution
for b = 8 fm in Fig. 12. As expected already in [2], the
change in all εn is very weak over the first 0.4 fm/c. After
this time all εn begin dropping as the systems is freely
streaming and hence becoming more isotropic.
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FIG. 11. Even (upper panel) and odd (lower panel) eccen-
tricities from the IP-Glasma model compared to those from
MC-KLN.

V. SUMMARY AND OUTLOOK

This paper expands on the IP-Glasma model of fluctu-
ating initial conditions for heavy-ion collisions first pre-
sented in Ref. [2]. More details of the computations are
presented as well as novel results for the single inclu-
sive and n-gluon multiplicity distributions and higher
even and odd eccentricity moments. In addition, the
CYM equations are solved for finite proper times τ unlike
Ref. [2] where results were extracted only for τ = 0.
We observed that the running coupling CYM results

give good agreement with the RHIC and LHC single in-

7

FIG. 4. (Color online) Energy density (arbitrary units) in the
transverse plane at τ = 0 fm (upper panel) and τ = 0.2 fm
(lower panel). The structures are smoothed by the evolution
over the first ∆τ ∼ 1/Qs.

the square root of

k̃2T = 4

[

sin2
kx
2

+ sin2
ky
2

]

. (32)

The result for (dNg/dy)/(Npart/2) vs. Npart at time
τ = 0.4 fm, where Npart is the number of participant
nucleons, is shown in Fig. 5. The IP-Glasma model does
not have the concept of “wounded nucleons” because we
treat the nucleus as a coherent system of gluon fields
correlated on distance scales 1/Qs much smaller than the
size of a nucleon. To determine Npart we use the same
Monte Carlo Glauber (MC-Glauber) model as employed
by the experimental collaborations. Nucleons that were
sampled for each nucleus, as described in Section III,
are assumed to be participant nucleons if the relative
transverse distance between them and a nucleon from the
other nucleus is smaller than D =

√

σNN/π, where σNN

is the total inelastic cross section, σNN = 42mb for
√
s =

200GeV Au+Au collisions at RHIC and 64mb for
√
s =

2.76TeV Pb+Pb collisions at LHC. The reader should
note that the MC-Glauber model and the inelastic cross
sections are solely used to determine Npart to compare
to experimental data. They are not an input for the IP-
Glasma model.
In the upper panel of Fig. 5, we show the multiplic-

ity distribution as a function of Npart for fixed coupling.
We multiplied the gluon multiplicity by 2/3 to convert to
charged particle multiplicity. Note that the overall nor-
malization is chosen (by varying the ratio between Qs
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FIG. 5. Gluon multiplicity (dNg/dy)/(Npart/2) at τ =
0.4 fm/c times 2/3 compared to experimental charged par-
ticle (dN/dy)/(Npart/2) data for

√
s = 200GeV Au+Au and

√
s = 2.76TeV Pb+Pb collisions as a function of Npart for

fixed coupling (upper panel) and running coupling (lower
panel). The pale blue and red bands are a collection of the
multiplicities for individual events, with the solid lines repre-
senting the average multiplicity. Experimental data from [47]
and [48].

and g2µ and αs in the fixed coupling case) to agree with
the RHIC data for charged particles. This allows us to
better compare the shape of the result and the experi-
mental data. (The pale bands denote results from the
individual events and demonstrate the range of fluctu-
ations around the mean. See below for more details.)
However, we know that there is entropy production in
the system and the initial gluon multiplicity should not
account for all observed final particles. The logarithmic
uncertainty in Qs as well as some numerical uncertainty
(for details see [16, 32]) in the factor between Qs and g2µ
introduce some freedom that allows to adjust the normal-
ization of the initial dNg/dy. This also allows to adjust
the energy density when fine tuning to experimental data
when using this model with a viscous hydrodynamic evo-
lution model that accounts for entropy production.

While the RHIC result is reasonably well described,
both the normalization and shape of the LHC result dis-
agree strongly with the experimental data for the fixed

• In	pp	collisions,	forward	dihadron
pairs	are	produced	back-to-back

• The	Ridge	in	pp	/	pA /	AA:	natural		for	
initial-state,	boost-invariant	correlations

Ø In	pA collisions,	the	back-to-back	
peak	is	washed	out	by	rescattering
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The	Electron-Ion	Collider
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•  Use existing RHIC 
•  Up to 275 GeV protons 
•  Existing: tunnel, detector halls & 

hadron injector complex 

•  Add 18 GeV electron 
accelerator in the same 
tunnel 
•  Use either high intensity Electron 

Storage Ring or Energy Recovery 
Linac 

•  Achieve high luminosity, 
high energy e-p/A collisions 
with full acceptance 
detectors  

•  Luminosity and/or energy 
staging are possible 
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Spin and Flavor Structure of the  
Nucleons and Nuclei
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of Nuclei
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JLEIC Realization 
21 

•  Energy Range: 
√s : 20 to 65 - 140 GeV 
(magnet technology choice) 

•  Figure 8 Layout: 
Optimized for high ion beam 
polarization � polarized 
deuterons 
 
•   Utilizes existing CEBAF for 

polarized electron injector 

•  Fully integrated detector/IR 

•  JLEIC achieves initial high 
luminosity, with technology 
choice determining initial 
and upgraded energy reach 
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LHC 

400x12 GeV 

100x10 GeV 

JLEIC

• The	EIC	combines	the	technology	and	expertise	of	CEBAF	(JLab)	
and	RHIC	(BNL)	into	a	single	electron	+	ion	collider	facility

Ø Consolidates	two	world-leading	facilities	into	one

Ø Re-uses	existing	architecture	to	upgrade	either	CEBAF	or	RHIC
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The 12 GeV upgrade of CEBAF at JLab and the COMPASS at CERN will initiate such
studies in predominantly valence quark region. However, these programs will be dramati-
cally extended at the EIC to explore the role of the gluons and sea quarks in determining
the hadron structure and properties. This will resolve crucial questions, such as whether
a substantial “missing” portion of nucleon spin resides in the gluons. By providing high-
energy probes of partons’ transverse momenta, the EIC should also illuminate the role of
their orbital motion contributing to nucleon spin.

The Spin and Flavor Structure of the Nucleon

An intensive and worldwide experimen-
tal program over the past two decades has
shown that the spin of quarks and antiquarks
is only responsible for ⇠ 30% of the pro-
ton spin. Recent RHIC results indicate that
the gluons’ spin contribution in the currently
explored kinematic region is non-zero, but
not yet su�cient to account for the missing
70%. The partons’ total helicity contribu-
tion to the proton spin is very sensitive to
their minimum momentum fraction x acces-
sible by the experiments. With the unique
capability to reach two orders of magnitude

lower in x and to span a wider range of mo-
mentum transferQ than previously achieved,
the EIC would o↵er the most powerful tool
to precisely quantify how the spin of gluons
and that of quarks of various flavors con-
tribute to the protons spin. The EIC would
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ized electrons and nucleons, with both inclu-
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In the former, only the scattered electron is
detected, while in the latter, an additional
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Figure 1.2: Left: The range in parton momentum fraction x vs. the square of the momentum
transferred by the electron to the proton Q2 accessible with the EIC in e+p collisions at two
di↵erent center-of-mass energies, compared to existing data. Right: The projected reduction
in the uncertainties of the gluon’s helicity contribution �G vs. the quark helicity contribution
�⌃/2 to the proton spin from the region of parton momentum fractions x > 0.001 that would
be achieved by the EIC for di↵erent center-of-mass energies.

Figure 1.2 (Right) shows the reduction in
uncertainties of the contributions to the nu-
cleon spin from the spin of the gluons, quarks
and antiquarks, evaluated in the x range

from 0.001 to 1.0. This would be achieved by
the EIC in its early operations. In future, the
kinematic range could be further extended
down to x ⇠ 0.0001 reducing significantly
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Kinematic	Reach:		Spin

With its broad range of collision ener-
gies, its high luminosity and nearly hermetic
detectors, the EIC could image the proton
with unprecedented detail and precision from
small to large transverse distances. The ac-
cessible parton momentum fractions x ex-
tend from a region dominated by sea quarks
and gluons to one where valence quarks be-
come important, allowing a connection to the
precise images expected from the 12 GeV
upgrade at JLab and COMPASS at CERN.
This is illustrated in Fig. 1.4, which shows
the precision expected for the spatial distri-
bution of gluons as measured in the exclu-
sive process: electron + proton ! electron

+ proton + J/ .
The tomographic images obtained from

cross-sections and polarization asymmetries
for exclusive processes are encoded in gen-
eralized parton distributions (GPDs) that
unify the concepts of parton densities and
of elastic form factors. They contain de-
tailed information about spin-orbit correla-
tions and the angular momentum carried by
partons, including their spin and their orbital
motion. The combined kinematic coverage
of the EIC and of the upgraded CEBAF as
well as COMPASS is essential for extracting
quark and gluon angular momentum contri-
butions to the proton’s spin.

1.1.2 The Nucleus, a QCD Laboratory

The nucleus is a QCD “molecule”, with a complex structure corresponding to bound states
of nucleons. Understanding the formation of nuclei in QCD is an ultimate long-term goal of
nuclear physics. With its wide kinematic reach, as shown in Fig. 1.5 (Left), the capability
to probe a variety of nuclei in both inclusive and semi-inclusive DIS measurements, the
EIC will be the first experimental facility capable of exploring the internal 3-dimensional
sea quark and gluon structure of a fast-moving nucleus. Furthermore, the nucleus itself is
an unprecedented QCD laboratory for discovering the collective behavior of gluonic matter
at an unprecedented occupation number of gluons, and for studying the propagation of
fast-moving color charges in a nuclear medium.

1

10

10-3

103

10-2

102

10-1 110-4

x

Q
2
 (

G
e

V
2
)

0.1

EIC
 √s =

 90 G
eV, 0

.01 ≤ y 
≤ 0.95

EIC
 √s =

 45 G
eV, 0

.01 ≤ y 
≤ 0.95

Measurements with A ≥ 56 (Fe):

 eA/μA DIS (E-139, E-665, EMC, NMC)

 νA DIS (CCFR, CDHSW, CHORUS, NuTeV)

 DY (E772, E866)

perturbative

non-perturbative

geom
etric scaling

ln x

non-perturbative region

ln
 Q

2

Q
2
s(x)

saturation

JIMWLK
BK

DGLAP

BFKL

αs <<  1

αs ~ 1

Figure 1.5: Left: The range in the square of the transferred momentum by the electron to the
nucleus, Q2, versus the parton momentum fraction x accessible to the EIC in e-A collisions at
two di↵erent center-of-mass energies, compared with the existing data. Right: The schematic
probe resolution vs. energy landscape, indicating regions of non-perturbative and perturbative
QCD, including in the latter, low to high saturated parton density, and the transition region
between them.

5

The 12 GeV upgrade of CEBAF at JLab and the COMPASS at CERN will initiate such
studies in predominantly valence quark region. However, these programs will be dramati-
cally extended at the EIC to explore the role of the gluons and sea quarks in determining
the hadron structure and properties. This will resolve crucial questions, such as whether
a substantial “missing” portion of nucleon spin resides in the gluons. By providing high-
energy probes of partons’ transverse momenta, the EIC should also illuminate the role of
their orbital motion contributing to nucleon spin.

The Spin and Flavor Structure of the Nucleon

An intensive and worldwide experimen-
tal program over the past two decades has
shown that the spin of quarks and antiquarks
is only responsible for ⇠ 30% of the pro-
ton spin. Recent RHIC results indicate that
the gluons’ spin contribution in the currently
explored kinematic region is non-zero, but
not yet su�cient to account for the missing
70%. The partons’ total helicity contribu-
tion to the proton spin is very sensitive to
their minimum momentum fraction x acces-
sible by the experiments. With the unique
capability to reach two orders of magnitude

lower in x and to span a wider range of mo-
mentum transferQ than previously achieved,
the EIC would o↵er the most powerful tool
to precisely quantify how the spin of gluons
and that of quarks of various flavors con-
tribute to the protons spin. The EIC would
realize this by colliding longitudinally polar-
ized electrons and nucleons, with both inclu-
sive and semi-inclusive DIS measurements.
In the former, only the scattered electron is
detected, while in the latter, an additional
hadron created in the collisions is to be de-
tected and identified.
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Figure 1.2 (Right) shows the reduction in
uncertainties of the contributions to the nu-
cleon spin from the spin of the gluons, quarks
and antiquarks, evaluated in the x range

from 0.001 to 1.0. This would be achieved by
the EIC in its early operations. In future, the
kinematic range could be further extended
down to x ⇠ 0.0001 reducing significantly
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Kinematic	Reach:		Nuclei

Uniqueness of EIC among all DIS Facilities

All DIS facilities in the world. 

However, 
if we ask for: 

8

A	Peerless	Machine
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Uniqueness of EIC among all DIS Facilities

All DIS facilities in the world. 

However, 
if we ask for: 

• high luminosity & 
wide reach in √s

• polarized lepton & 
hadron beams 

• nuclear beams

EIC stands out as  
unique facility …

8



A	Discovery	Machine:		Nucleon	Structure

• Engineered	to	definitively	
resolve	the	proton	spin	puzzle

M.	Sievert 31	/	41Spin	and	Saturation	at	the	EIC
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Figure 2.16: Comparison of the precision (2-� uncertainty) of extractions of the Sivers function
for the valence (left) u

v

= u � ū and sea (right) ū quarks from currently available data [77]
(grey band) and from pseudo-data generated for the EIC with energy setting of

p
s = 45 GeV

and an integrated luminosity of 10 fb�1 (purple band with a red contour). The uncertainty
estimates are for the specifically chosen underlying functional form.

years [85, 86, 87, 88, 89, 90]. As a lead-
ing power contribution in the spin asymme-
tries, the associated energy evolution unveils
the underlying strong interaction dynamics
in the hard scattering processes. The em-
bedded universality and factorization prop-
erty of the TMDs can only be fully inves-
tigated at the EIC with the planned kine-
matic coverage in Q2. In particular, the the-
ory calculations including evolution e↵ects
agree with the current constraints on the
quark Sivers function presented in Fig. 2.16,
while they do di↵er at higher values of Q2

[85, 86, 87, 88, 89, 90]. Moreover, a recent
study has shown that at the kinematics of
HERMES and COMPASS, the leading order
SIDIS su↵ers significant power corrections,
which however will diminish at higher Q2

[90]. This makes the EIC the only machine
to be able to establish the leading partonic
picture of the TMDs in SIDIS.

The kinematic reach of the EIC also al-
lows the measurement of physical observ-
ables over a wide transverse momentum

range. This is particularly important to un-
derstand the underlying mechanism that re-
sults in single spin asymmetries. Recent
theoretical developments have revealed that
both the transverse-momentum-dependent
Sivers mechanism and the quark-gluon-quark
correlation collinear mechanism describe the
same physics in the kinematic regions where
both approaches apply [91, 92]. The only
way to distinguish between the two and un-
derstand the underlying physics is to mea-
sure them over wide p

T

ranges. The high
luminosities at the EIC machine could pro-
vide a golden opportunity to explore and un-
derstand the mechanism of the transverse
spin asymmetries. In addition, with pre-
cision data in a large range of transverse
momentum, we shall be able to study the
strong interaction dynamics in the descrip-
tion of large transverse momentum observ-
ables and investigate the transition between
the non-perturbative low transverse momen-
tum region and the perturbative high trans-
verse momentum region.

39

• Polarization	and	luminosity	to	image	nucleon	
structure	over	a	wide	lever	in	x	and	Q2

1
2 = 1

2�⌃+�G+ Lq + LG



A	Discovery	Machine:		Saturation
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Figure 3.14: The kinematic reach in x and Q2 of the EIC for di↵erent electron beam energies,
given by the regions to the right of the diagonal black lines, compared with predictions of the
saturation scale, Q

s

, in p, Ca, and Au from Model-I (see Sec. 3.2.1 and note that x < 0.01 in
the figure).

(pQCD) based on the linear DGLAP evolu-
tion equation is strictly only applicable at
large Q2. In the range Q2 < Q2

s

, solely
non-linear theories such as the CGC can pro-
vide quantitative calculations. It is only in a
small window of approximately 1 . Q2 . 4
GeV2 where a comparison between the two
approaches can be made (see Fig. 3.14). Due
to the complexity of high energy nuclear
physics, at the end, the final insight will
come from the thorough comparison of mod-
els calculations with a multitude of measure-
ments, each investigating di↵erent aspects of
the low-x regime. We will learn from varying
the ion species, A, from light to heavy nuclei,
studying the Q2, x, and t dependence of the
cross-section in inclusive, semi-inclusive, and
exclusive measurements in DIS and di↵rac-
tive events.

In what follows we discuss a small set
of key measurements whose ability to ex-
tract novel physics is beyond question. They

serve primarily to exemplify the very rich
physics program available at an EIC. These
“golden” measurements are summarized in
Tab. 3.1 with two EIC energy options. These
measurements are discussed in further detail
in the remainder of this section. It should
be stressed that the low-x physics program
will only reach its full potential when the
beam energies are large enough to reach suf-
ficiently deep into the saturation regime. Ul-
timately this will only be possible at an EIC
where x ⇠ 10�4 can be reached at Q2 val-
ues of 1–2 GeV2 as indicated in Fig. 3.14.
Only the highest energies will give us enough
of a lever arm in Q2 to study the cross-
ing into the saturation region allowing us
to, at the same time, make the comparison
with DGLAP-based pQCD and CGC predic-
tions. The statistical error bars depicted in
the figures described in this section are de-
rived by assuming an integrated luminosity
of

R Ldt = 10 fb�1/A for each species and in-
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Figure 3.18: Left: A saturation model prediction of the coincidence signal versus azimuthal
angle di↵erence �' between two hadrons in e+p, e+Ca, and e+A collisions [189, 190, 191].
Right: A comparison of saturation model prediction for e+A collisions with calculations from
conventional non-saturated model. Statistical error bars correspond to 1 fb�1/A integrated
luminosity.

In the saturation framework, due to multi-
ple re-scatterings and multiple gluon emis-
sions, the large transverse momentum of one
hadron is balanced by the momenta of sev-
eral other hadrons (instead of just one back-
to-back hadron), e↵ectively washing out the
correlation at �' = ⇡ [192]. A comparison
of the heights and widths of the di-hadron
azimuthal distributions in e + A and e + p
collisions respectively would clearly mark out
experimentally such an e↵ect.

An analogous phenomenon has already
been observed for di-hadrons produced at
forward rapidity in comparing d+Au with
p+p collisions at RHIC (see Sec. 3.4.1). In
that case, di-hadron production is believed to
proceed from valence quarks in the deuteron
(proton) scattering on small-x gluons in the
target Au nucleons (proton). Lacking di-
rect experimental control over x, the onset of
the saturation regime is controlled by chang-
ing the centrality of the collision, the di-
hadron rapidity and the transverse momenta
of the produced particles. (Note that the
gluon density and, consequently, the satu-
ration scale Q

s

depend on the impact pa-
rameter and on rapidity/Bjorken-x.) Exper-
imentally, a striking flattening of the �' =
⇡ peak in d+Au collisions as compared to

p+p collisions is observed in central collisions
[193, 194], but the peak re-appears in periph-
eral collisions, in qualitative agreement with
the CGC predictions, since saturation e↵ects
are stronger in central collisions.

There are several advantages to studying
di-hadron correlations in e+A collisions ver-
sus d+Au. Directly using a point-like elec-
tron probe, as opposed to a quark bound in
a proton or deuteron, is extremely beneficial.
It is experimentally much cleaner as there is
no “spectator” background to subtract from
the correlation function. The access to the
exact kinematics of the DIS process at an
EIC would allow for more accurate extrac-
tion of the physics than is possible at RHIC
or the LHC. Because there is such a clear
correspondence between the physics of this
particular final state in e+A collisions to the
same in p+A collisions, this measurement is
an excellent testing ground for universality
of multi-gluon correlations.

The left plot in Fig. 3.18 shows predic-
tion in the CGC framework for di-hadron�'
correlations in deep inelastic e+p, e+Ca, and
e+Au collisions [189, 190, 191]. The calcula-
tions are made for Q2 = 1 GeV2 and include
a Sudakov form factor to account for gener-
ated radiation through parton showers; only
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models are shown.

[209], an e+A event generator specialized
for di↵ractive exclusive vector meson produc-
tion based on the bSat [208] dipole model.
We limit the calculation to 1 < Q2 < 10
GeV2 and x < 0.01 to stay within the va-
lidity range of saturation and non-saturation
models. The produced events were passed
through an experimental filter and scaled to
reflect an integrated luminosity of 10 fb�1/A.
The basic experimental cuts are listed in the
legends of the panels in Fig. 3.22. As ex-
pected, the di↵erence between the satura-
tion and non-saturation curves is small for
the smaller-sized J/ (< 20%), which is less
sensitive to saturation e↵ects, but is substan-
tial for the larger �, which is more sensitive
to the saturation region. In both cases, the
di↵erence is larger than the statistical errors.
In fact, the small errors for di↵ractive � pro-
duction indicate that this measurement can
already provide substantial insight into the
saturation mechanism after a few weeks of
EIC running. Although this measurement
could be already feasible at an EIC with
low collision energies, the saturation e↵ects
would be less pronounced due to the larger
values of x. For large Q2, the two ratios
asymptotically approach unity.

As explained earlier in Sec. 3.2.1, coher-

ent di↵ractive events allow one to learn about
the shape and the degree of “blackness” of
the black disk: this enables one to study the
spatial distribution of gluons in the nucleus.
Exclusive vector meson production in di↵rac-
tive e+A collisions is the cleanest such pro-
cess, due to the low number of particles in the
final state. This would not only provide us
with further insight into saturation physics
but also constitute a highly important con-
tribution to heavy-ion physics by providing a
quantitative understanding of the initial con-
ditions of a heavy ion collision as described
in Sec. 3.4.2. It might even shed some light
on the role of glue and thus QCD in the nu-
clear structure of light nuclei (see Sec. 3.3).
As described above, in di↵ractive DIS, the
virtual photon interacts with the nucleus via
a color-neutral exchange, which is dominated
by two gluons at the lowest order. It is pre-
cisely this two gluon exchange which yields a
di↵ractive measurement of the gluon density
in a nucleus.

Experimentally the key to the spatial
gluon distribution is the measurement of the
d�/dt distribution. As follows from the op-
tical analogy presented in Sec. 3.2.1, the
Fourier-transform of (the square root of) this
distribution is the source distribution of the
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• Nuclear	beams	with	EIC	kinematics	can	
achieve	perturbative	saturation	scales

Ø Diffraction:	a	sensitive	test	of	saturation

Ø Dihadron correlations:	free	of	underlying	flow
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1
• FSI are random, broadening the 

quark momentum isotropically.

• TMDs	of	nuclei:		very	different	final-
state	interactions	from	the	dilute	limit

Ø Broadening	mediated	by	saturation	
vs.	coherent	lensing

Ø An	experimental	dial:		path-length	
binning	using	a	ZDC
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FIG. 1. Diffractive dijet production in electron-ion collisions. Here we assume that the incoming virtual photon has only the
longitudinal momentum. The signature of the diffractive process is the rapidity gap between the produced dijet and the target
hadron which remains intact.

the typical dijet transverse momentum and ∆⊥ is the nucleon recoiled momentum which equals to −(k1⊥ + k2⊥) at
leading order. We are interested in the back-to-back kinematic region for the two final state jets where |P⊥| ≫ |∆⊥|.
Suppose ϵ2f ≡ z(1 − z)Q2 is not too large. Then we expect that the above q⊥ integrals are dominated by the region
q⊥ ∼ P⊥ and the cross sections are roughly proportional to F2

x(P⊥,∆⊥) for back-to-back dijet configurations. Thus,
the diffractive dijet production will be sensitive to the correlation between P⊥ and ∆⊥ as mentioned in Ref. [30].
With the detector capability at the future EIC [3], we will be able to identify both P⃗⊥ and ∆⃗⊥ and measure the

angular correlation between them. In particular, the elliptic angular correlation ⟨cos 2 (φP⊥
− φ∆⊥

)⟩ can be observed
in this process. By plugging in the cos 2φ asymmetry in the gluon Wigner distributions from the numerical studies of
Balitsky-Kovchegov evolution with impact parameter dependence [27, 28], we find that it will lead to a few percent
⟨cos 2 (φP⊥

− φ∆⊥
)⟩ asymmetries in the typical EIC kinematics. More sophistic calculations shall follow to generalize

the saturation models [11, 31–33] to incorporate this particular angular correlation feature. We leave that for a future
study. Comparing the theoretical computations with the future experimental data will provide us much more insights
on the experimental signature of small-x dynamics.
Summary and Discussions. To conclude, let us make some further but brief comments on the consequence of this

work, while we will leave the detailed discussion for a future publication.

• In principle, as far as the gluon Wigner distribution is concerned, there should be correlation between the two
vectors q⃗⊥ and b⃗⊥, which can be shown in theoretical studies for the dipole scattering amplitude in the small-x
region. In order to demonstrate this non-trivial correlation, we parametrize the above Wigner distribution as

xWT
g (x, q⃗⊥; b⃗⊥) = xWT

g (x, |q⃗⊥|, |⃗b⊥|) + 2 cos(2φ)xWϵ
g(x, |q⃗⊥|, |⃗b⊥|) + · · · , (12)

where φ is the azimuthal angle between q⃗⊥ and b⃗⊥. The first term above represents the azimuthal symmetric
distribution, whereas the rest of other terms stand for the azimuthal asymmetric distribution. For example,
due to the cos(2φ) nature of the second term, we call it the Elliptic Gluon Wigner Distribution, and in short,
elliptic gluon distribution. This is quite similar to the elliptic flow phenomena observed in heavy ion collisions.

• Let us further comment on the WW gluon distribution case. Following the same technique used above for the
dipole gluon Wigner distribution, we generalize the WW gluon distribution at small-x as follows

xGWW(x, q⊥,∆⊥) = 2

∫

dξ−d2ξ⊥e−iq⊥·ξ⊥−ixP+ξ−

(2π)3 P+

〈

P +
∆⊥

2

∣

∣

∣

∣

Tr

[

F

(
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2

)

U [+]†F

(

−
ξ

2

)

U [+]

]
∣

∣

∣

∣

P −
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2

〉

,

(13)
which allows us to find

xGWW(x, q⊥,∆⊥) =
2Nc

αS

∫

d2R⊥

(2π)2
d2R′

⊥

(2π)2
eiq⊥·(R⊥−R′

⊥
)+i

∆⊥
2 ·(R⊥+R′

⊥
)

×
1

Nc

〈

Tr [i∂iU(R⊥)]U
†(R′

⊥) [i∂iU(R′
⊥)]U

†(R⊥)
〉

x
. (14)

Due to the known connection between the WW gluon distribution and color quadrupoles at small-x [19], it is
expected that one needs to generate a color quadrupole at the amplitude level in order to probe the WW Wigner

Exclusive double Drell-Yan: ⇡N ! (`�1 `+1 ) (`
�
2 `+2 )N

0

(Bhattacharya, AM, Zhou)

1. Leading-order diagrams and kinematics

• Consider all possible charge states (including ⇡
�
p! �

⇤
1 �
⇤
2 n)

• Two graphs: amplitude symmetric under exchange �
⇤
1  ! �

⇤
2

• Kinematics of interest (TMD-type)

s = (pa + pb)
2 large q

2
1, q

2
2 large |~q 2

i?|⌧ q
2
i

⇠a =
q
+
1 + q

+
2

2P+
a

cannot be too small

• First	proposal	for	how	the	5D	Wigner	distributions	can	be	
measured:	diffractive	dijet production	at	small	x

Ø Couples	to	the	gluon	Wigner	distribution	with	dials	
on	both	the	spatial	and	momentum	dependence

Ø Inspired	the	proposal	of	an	analogous	measurement	
(exclusive	double	Drell-Yan)	which	can	couple	to	the	
quark	Wigner	distribution
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FIG. 1: Linearly polarized and unpolarized WW gluon distributions versus transverse momentum q? at di↵erent rapidities Y .
Transverse momentum is measured in units of the saturation momentum Qs(Y ). The curves correspond to evolution at fixed
↵s = 0.15.

variant mass is given by M = P?/
p
z(1� z). Also,

✏

2
f = z(1 � z)Q2 with Q

2 of order P

2
?. Here, we re-

strict ourselves to kinematic configurations where ~

P? is
greater than ~q?, referred to as the “correlation limit” in
Refs. [5, 22].

In Eq. (2) � denotes the azimuthal angle between ~

P?
and ~q?, respectively. We introduce the following measure
for the azimuthal anisotropy,

v2 ⌘ hcos 2�i . (4)

The average over � in this equation is performed with
the weight (1) or (2), respectively. Since

x =
1

s

✓
q

2
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1

z(1� z)
P

2
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◆
(5)

is independent of �, for a longitudinally/transversally po-
larized photon we have

v
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The linearly polarized h

(1)
? and unpolarized G

(1) dis-
tributions are defined as the traceless part and the trace
of the Weizsäcker-Williams unintegrated gluon distribu-
tion, respectively:

xG

ij
WW =

1

2
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ij
xG

(1) � 1

2

✓
�

ij � 2
k

i
k

j

k

2

◆
xh

(1)
? . (7)

In the CGC framework the gluonic degrees of freedom at
small x are described by Wilson lines. They are path or-
dered exponentials in the strong color field of the target,

and cross sections for di↵erent observables can be related
to di↵erent correlation functions of the Wilson lines. The
Wilson line is a path ordered exponential of the covariant
gauge field, whose largest component is A+:

U(xT ) = P exp

⇢
ig

Z
dx

�
A

+(x�
,xT )

�
. (8)

The Weizsäcker-Williams unintegrated gluon distribu-
tion [5, 22, 34], on the other hand, is expressed most
naturally in terms of the light cone gauge (A+ = 0) field,
which has large transverse components. These can be
obtained by a gauge transformation

A

i(xT ) =
1

ig

U

†(xT ) @iU(xT ) . (9)

Since, in light cone gauge, the gauge field lives above
the light cone A

i(xT , x
�) ⇠ ✓(x�)Ai(xT ), this field can

also be thought of as a sheet of color electric field on the
light cone Ei(xT , x

�) = �(t�z)Ai(xT ). The Weizsäcker-
Williams distribution is simply the two-point correlator
of the light cone gauge fields

xG

ij
WW(x,~k) =

8⇡

L

2

Z
d

2
xT

(2⇡)2
d

2
yT

(2⇡)2
e

�ikT ·(xT�yT )

⇥
⌦
A

i
a(xT )A

j
a(yT )

↵
, (10)

where we have normalized the distribution with the
transverse area of the target L

2. This normalization
drops out of the results expressed in terms of the ellip-
tical asymmetry v2. For analytical calculations of the

functions G(1)(x0, q?) and h

(1)
? (x0, q?) in the McLerran-

Venugopalan (MV) model [35, 36], see Refs. [6, 22].

• Novel	small-x	properties	of	polarized	parton distributions

Ø Large	linear	polarization	of	gluons	at	small	x

Ø Small-x	enhancement	of	quark	/	gluon	helicity

Ø “Master”	gluon	evolution	formalism:		BK	+	CSS	+	DGLAP
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Conclusions



Two	Roads	Diverged…

• For	decades,	the	subfields	of	high	energy	QCD and	
hadron	structure	have	developed	independently…

• …But	they	are	on	a	collision	course	for	the	EIC
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High	Energy	QCD Hadron	Structure



…	But	Not	for	Long.

• The	EIC	is	specifically	tailored	to	both	reach	into	the	
nonlinear	saturation	regime	in	nuclei	and	to	perform	
multidimensional	tomography	of	the	nucleon

• And	it	will	also	open	new	opportunities	for	cross-fertilization
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High	Energy	QCD Hadron	Structure

Electron	– Ion
Collider



EIC

High	Energy
QCD

Hadron
Structure

A	Second	Beam	Crossing
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RHICHigh	Energy
QCD

Hadron
Structure

• RHIC	brings	these	
elements	together	in	
a	unique	and	
complementary	way:	
p↑A collisions



An	Invitation

• Factorization	and	its	Breaking
• New	and	Critical	Observables
• Saturation	and	Small	x
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Ø Where	are	the	opportunities and	loopholes in	the	factorization	paradigm?

Ø What	do	we	need	to	take	advantage	of	new	observables?

Ø What	are	the	most	effective	uses	of	pp	/	pA run	time	to	prepare	for	an	EIC?



The	Secret	Sits
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“We dance round in a ring and suppose,
But the Secret sits in the middle and knows.”

– Robert Frost, “The Secret Sits”


